The administration of adrenal steroids to animals and human subjects on diets containing sodium but little or no potassium is followed by alterations in cellular composition characterized by a loss of potassium which is partially replaced by sodium and the supervention in the extracellular fluid of a metabolic alkalosis. ' The experiments have been performed principally in rats where the sodium salt used has usually been sodium chloride and the adrenal steroid 11-desoxycorticosterone acetate (DOCA).
The administration of adrenal steroids to animals and human subjects on diets containing sodium but little or no potassium is followed by alterations in cellular composition characterized by a loss of potassium which is partially replaced by sodium and the supervention in the extracellular fluid of a metabolic alkalosis. ' The experiments have been performed principally in rats where the sodium salt used has usually been sodium chloride and the adrenal steroid 11-desoxycorticosterone acetate (DOCA).
The present study of the influence of adrenal steroids on the electrolyte composition of plasma and skeletal muscle was undertaken for the following purposes: (i) to examine the effects of adrenal steroids during fairly complete sodium deprivation; (ii) to determine the influence of the administration of different sodium salts; and (iii) to compare the effect of different adrenal steroids on the pathogenesis of potassium deficiency and alkalosis in the rat.
METHODS AND CALCULATIONS
Male Sprague-Dawley rats weighing 250 to 350 grams were used throughout. When external balances were performed, urine was collected under mineral oil, using toluene and thymol as preservatives. At the end of the experimental period rats were anesthetized by the intraperitoneal injection of Evipal; venous blood was collected anerobically from the inferior vena cava; and muscle samples were removed from the hind legs and trimmed of fat and connective tissue. The samples of muscle were weighed and dried; fat was removed with ether; electrolytes were extracted with 0.75 N nitric acid. '1 Sodium and potassium were determined on the flame photometer,8 chloride in serum and muscle extracts by the 
RESULTS
The data are presented in Tables 1-6 as the mean and standard deviation of each group.
1. Effect of DOCA on exchanges of electrolytes and water in rats maintained on a low sodium diet containing minimal or large amounts of potassium. Four groups of rats maintained on a diet low in sodium (0.26 mEq./ 100 gm. diet) and supplemented with potassium in minimal (4.6 mEq./100 gm. diet) or large (41.4 mEq./100 gm. diet) amounts were injected with 5 mg. DOCA daily and sacrificed after two weeks. The minimal potassium intake was estimated to be sufficient just barely to prevent a potassium deficit owing to an inadequate intake. Should DOCA accelerate potassium excretion by a direct action, a negative balance would then be easily demonstrable. The cumulative balances are charted in < ; :s u E I tF t controls irrespective of whether minimal potassium (Group C) or high potassium (Group E) diet was given. However, since the intake of sodium was very low, the absolute amount of sodium retained was trivial. Potassium excretion was not accelerated by DOCA whether the potassium intake was low or high. Analysis of serum and muscle (Table 2 ) revealed no significant influence of DOCA on electrolyte composition. Total muscle water was not significantly altered by the administration of DOCA. Using chloride as a reference for the determination of the extracellular space of muscle, it can be concluded that since muscle chloride and total muscle water were not significantly altered, the intracellular and extracellular spaces of muscle remained constant.
From the standpoint of a balance study, as well as the direct analysis of muscle, it would appear that DOCA has no significant effect on internal or external exchanges of potassium, sodium, and water if sodium salts are rigidly excluded from the diet.
2. Effect of DOCA on exchanges of electrolytes and water in rats maintained on a low potassium diet supplemented zith different sodium salts.
To examine the effects of DOCA with and without the addition of different sodium salts, eight groups of rats were fed a standard electrolyte-deficient diet (EDD), complete in all respects but deficient in sodium, potassium, and chloride. Equivalent amounts of sodium, either as sodium chloride or as sodium phosphate (pH 7.4), were added to the diet of some groups. The electrolyte composition of the diet is given in Table 3 . Groups E and H (Tables 4 and 5) received injections of 5 mg. of DOCA daily.
The effect of supplements of NaCl and Na-PO4 to an EDD diet were examined in rats after a seven-day period (Table 4) . No significant change in serum bicarbonate or intracellular sodium and potassium resulted from the addition of sodium chloride to EDD (Table 4 , Group B). Rats given EDD + Na-PO4 (Table 4 , Group C) developed a rise in the serum bicarbonate while muscle potassium fell and intracellular sodium rose.
Rats maintained on EDD alone for 36 days ( composition. The most striking results occurred when DOCA was given with sodium phosphate for a period of only 13 days (Group H). The magnitude of the hypochloremic alkalosis and potassium deficiency far exceeded that obtained in other studies where rats were given DOCA and low potassium diets but where the added sodium salt was sodium chloride."6"'
Despite the striking changes in the intracellular electrolyte composition of muscle cells in those rats given sodium salts and DOCA, the volume of intracellular fluid remained remarkably constant (Table 5) .
To estimate the total cation concentration of intracellular fluid, the sum of the concentrations of sodium and potassium was used. This would seem to give a reasonably good approximation of the behavior of total cation, inasmuch as intracellular magnesium (which normally amounts to about 34 mEq./L) has been demonstrated to remain unchanged in potassium deficiency.6 In Table 5 , the mean values for volume and total cation concentration of the extracellular and intracellular compartments of muscle have been recorded. Despite the constancy of the volume of intracellular fluid, there is a tendency for the total cation concentration to fall, particularly in the rats given sodium phosphate and DOCA. The significance of this fall in total cation concentration in this group is enhanced by the fact that the total cation concentration of extracellular fluid showed no commensurate reduction, but instead increased slightly (3 mEq./L). This disparity between the changes in the concentration of total cation in extracellular and intracellular fluids on the one hand and the constancy of intracellular water on the other hand should not necessarily be interpreted to mean that the osmotic pressure of the intracellular and extracellular phases differ. Such a discrepancy could result, as Cotlove and his associates have pointed out,' from an activation of osmotically inactive intracellular cations, an increase in the .' '4 zI. one of these subjects are plotted in Figure 1 . As in the rat experiments, no acceleration of potassium excretion or rise in bicarbonate transpired after 24 days on this regimen. Similar observations have been made in man by Relman and Schwartz.' 4. Effect of cortisone on exchanges of electrolytes and water in rats maintained on a low potassium diet supplemented with different sodium salts. 
DISCUSSION
The results of these experiments indicate that in the absence of exogenous supplies of sodium salts, DOCA has no effect on the electrolyte composition of serum and muscle. The simultaneous administration of DOCA and sodium salts to rats on a low potassium diet produces potassium deficiency and hypochloremic alkalosis. These disturbances will also result, although to a lesser extent, when sodium salts are given without DOCA if the potassium intake is restricted.
It seems likely that DOCA and exogenous sodium salts produce a potassium diuresis principally as a result of exchanges in the renal tubules rather than as a consequence of pre-renal effects. The administration of DOCA has no effect on the serum or muscle potassium in the nephrectomized animal."' The administration of large amounts of sodium chloride does not accelerate potassium excretion in patients with Addison's disease whose renal tubules do not reabsorb increments of the administered sodium.' The elevated serum potassium that follows the injection of large amounts of saline to nephrectomized animals seems better correlated with the dilution acidosis which results rather than with any direct exchange of extracellular sodium for intracellular potassium.'0 Berliner, Kennedy, and Orloff' hypothesized that potassium secretion in the distal tubules was accompanied by the exchange of sodium in the tubular lumen for potassium in the tubular cells. This hypothesis would explain the marked potassium diuresis produced by the simultaneous administration of DOCA and sodium salts: exogenous sodium is required to furnish large amounts of this cation at the exchange site; DOCA is required to promote the reabsorption of increments of sodium in exchange for potassium.
It is not clear why sodium phosphate is so much more effective than is sodium chloride in accelerating potassium loss. The phosphate ion per se is not responsible for this effect, inasmuch as sodium sulfate is equally ef- fective. A second hypothesis would account for the difference by assuming that most of the exogenous sodium chloride is reabsorbed in the proximal tubules, so that comparatively small amounts reach the distal tubular exchange site, whereas most of the sodium phosphate or sodium sulfate would pass unreabsorbed through the proximal tubule, thereby resulting in the delivery of comparatively large amounts of sodium to the distal tubule where it can be reabsorbed in exchange for potassium. This hypothesis cannot satisfactorily account for the data in this study. The diets contained 44 mEq. of sodium, as sodium chloride or sodium phosphate, per 100 grams. Since the rats consumed about 30 grams of diet daily, about 180 mM. of sodium chloride were ingested in a two-week period. Only a comparatively small proportion of the ingested sodium was retained in the body; the rest must have traversed the distal tubule to be excreted into the urine. It seems likely that the presence of an unreabsorbed anion potentiates the exchange of sodium for potassium in some as yet unknown manner.
The relationship among the changes in the volume and composition of serum and muscle cells is examined in Table 7 . The changes in the concentrations of serum electrolytes, as muscle potassium is progressively depleted, consist of a rise in bicarbonate, a fall in chloride, a fall in potassium, a rise in sodium, and an expansion of fixed anions (determined as the difference between sodium and the sum of bicarbonate plus chloride).
The correlation between the fall in muscle potassium and the rise in serum bicarbonate was excellent (-0.80 for the group as a whole, -0.91 for the group given sodium phosphate and DOCA). Two factors appear to be responsible for the alkalosis which develops under the conditions of these experiments: (i) a transfer of hydrogen ions into muscle cells in exchange for potassiumf"' (ii) an accelerated renal excretion of acid, largely in the form of ammonium, apparently resulting from an enhanced exchange in the kidneys of sodium in the tubular lumen for hydrogen in the tubular cell.'8 It should be emphasized that the excellent correlation of potassium deficiency and alkalosis, observed in these experiments, where sodium salts and DOCA were responsible for the derangements, may not obtain when potassium deficiency is produced by other means. It is not unusual clinically to observe severe degrees of potassium deficiency in patients who are deprived of this electrolyte where the serum bicarbonate remains normal. The rise in the serum bicarbonate as potassium deficiency develops is associated with a fall in the concentration of serum chloride (Fig. 2) .
The cause of the hypochloremia is not clear. It is not a consequence of chloride deprivation, inasmuch as hypochloremia can supervene despite generous amounts of chloride in the diet. It is possible that the expansion of the extracellular volume with sodium bicarbonate, as alkalosis develops, taken from the regression data in Table 7 . It is apparent that in these studies (which include the groups given sodium phosphate) the concentration of serum chloride fell more than bicarbonate rose. The reason for this appears to be an expansion of fixed anions [R-], which transpires as potassium deficiency develops (Fig. 4) .
Part of the increase in [R-] is associated with the development of a mild hypernatremia; but fixed anions also expand at the expense of bicarbonate. Some of the increase in fixed anions can be attributed to enhanced binding of cation during alkalosis. If it is assumed that pH changes observed by others in hypokalemic alkalosis apply in these studies as well, then the expansion of fixed anions is too great to be attributed solely to this process. In addition there was probably an accession of undetermined anions to the extracellular fluid.
The fall in serum potassium was only moderately well correlated with cellular potassium deficiency (Fig. 5) . It of extracellular and intracellular fluid of muscle if sodium was rigidly restricted from the diet.
2. The addition of sodium salts to a low potassium diet, particularly if DOCA was simultaneously injected, resulted in potassium deficiency and alkalosis. Sodium phosphate (pH 7.4) was much more effective in producing hypokalemic alkalosis than sodium chloride.
3. The changes in concentrations of extracellular electrolytes during potassium deficiency produced in this manner were: a rise in bicarbonate, a fall in chloride and potassium, a rise in sodium, and a rise in unidentified fixed anions. It is suggested that hypochloremia may be, in part at least, a consequence of the dilution of the extracellular space with sodium bicarbonate and water. Changes in intracellular composition were characterized by a partial replacement of muscle potassium with sodium and a constant volume of muscle cell water despite discrepant changes in intracellular and extracellular total cation.
4. Cortisone ameliorated hypokalemic alkalosis despite the simultaneous administration of sodium salts. It is suggested that this effect may have resulted from the capacity of this hormone to produce tissue breakdown, thereby releasing potassium which is available to replenish the deficits of intact cells.
